Selecting the most suitable industrial wastewater treatment technology is not only about providing the best technology at the lowest cost, but also about sustainability, including social and environmental acceptance, and institutional feasibility. This paper demonstrates and evaluates a method that may be used for wastewater treatment technology assessment and selection in an industrial context, with a specific focus on biological wastewater treatment in a petrochemical company. The technology assessment objectives are formulated as complexity, generality, approach, lead time and resources, focus, as well as data used. These objectives are used as criteria for the development of a technology assessment method; a multi-criteria decision analysis technique to compare and rank the wastewater treatment technology alternatives against the identified technical, socio-economic and environmental objectives. Using a petrochemical operation in South Africa as a case study, the paper provides a systematic analysis of eight wastewater treatment alternatives; to test the proposed technology assessment method and thus determine its usefulness as a technology assessment technique. The investigation suggests that the method managed to achieve most of the technology assessment objectives of the organization. Suggestions for further development of the technology assessment technique are made accordingly.
Introduction
Internationally water is recognized as an important resource and the optimization and reuse of water is receiving increased priority; particularly in water-scare countries such as South Africa. Various technologies have been developed for the biological treatment of water. Traditionally, activated sludge and trickling filters were considered the industry standard for the biological treatment of organically contaminated water; this is currently the case for large petrochemical operations in South Africa.
At one such facility, the current process scheme comprises of ten aerobic activated sludge basins that treat a mixture of the following process waters: oil-contaminated water from factory rundown; water resulting as a by-product from the synthesis process; and by-product water from the coal gasification process.
The water streams are treated in an activated sludge process and re-used as process cooling water make-up. The organic material within the process waters are broken down by micro-organisms. The micro-organisms are contained in a variety of aerobic digesters that require oxygen to biodegrade the organic compounds. To provide the required oxygen, air is supplied via blowers and introduced via an aeration grid in the basin.
The Water Treatment Problem in the Operation
The organization is in the process of expanding its operations nationally, as well as internationally. In line with global standards, as a minimum, all new designs employ total re-use or zero liquid-effluent discharge approaches, which have the dual benefit of reducing water demand (through recycling) as well as avoiding off-site impacts on the surrounding environment. Parallel technology assessments now aim at expanding existing water treatment capacity, and retrofit options, as well as green field developments, are being investigated.
In the case of the specific operation, the current activated sludge treatment facility is overloaded hydraulically, as well as with contaminant load, overall resulting in a deteriorating process cooling water make-up quality. This, in turn, leads to increased fouling and/or scaling of heat exchangers, ultimately impacting on final product production. This problem is further exacerbated by the unique characteristics of the effluent steams; thus case studies and best practices in related industries cannot be applied directly.
Objective of the Paper
Within the organization, it has been identified that with the large number of capital projects, technology offerings and limited resource availability, the enabling of project decisions, whilst still meeting budget and schedule demands, become a challenging process. A preliminary investigation identified the need for a specific method to establish criteria and assessment boundaries in order to screen technologies for unique applications. The associated research questions, within the context of the specific organization, were as follows: S What are the factors governing the selection of appropriate technologies within the petrochemical industry, and in the organization in particular? S Which units of measurement and scales for evaluation would be appropriate for each indicator? S Is the developed model adequate for evaluation of water treatment technologies within industry?
The objective was then to develop a technology assessment method that can be utilized for the evaluation and screening of wastewater treatment technologies within the organization.
Conceptual Method
Meerholz (2011) provides a detailed literature analysis of the history and development of technology selection, various technology assessment techniques that are commonly used, available biological wastewater treatment technologies, as well as technology assessment techniques utilized specifically for the selection of wastewater treatment technology.
From the literature review it is clear that technology assessment is an intensive task requiring significant time, involvement and resources to generate the required results. It has also been concluded that no single technology assessment method exists (Azzone and Manzini, 2008) , and that the input and method into technology assessment is dependent on the conditions and needs of the local environment. This is supported by the comprehensive overview of Tran and Diam (2008) of the various available methods and tools for both the public and private sectors, and their conclusion that technology assessment comprises a non-integrated number of tools and methods that can be applied in combination or independently, depending on the application and the objective of the study. They also observed that no single tool can be applied to analyze the benefits of a new technology holistically. Some critics have also pointed out that the quality of the outcome is usually proportionate to the financial means available (Palm, 2006) .
In terms of water treatment technology, a body of literature has listed important factors to consider when evaluating and selecting such technologies. However, these are mostly focused on the needs of developed countries with specific focus on sanitary waste applications. Limited applications can be found within the industrial, particularly refinery or petrochemical, applications. From available literature much emphasis is also placed on the technical aspects and cost of the technology, with little focus on economic, social and institutional factors.
Regardless, from the literature review it is clear that: S An assessment method must be able to handle quantitative and qualitative variables; and S The characteristics of the relevant operational site must be incorporated into the selection method. Singhirunnusorn and Stenstrom (2009) provide a complete scope of the factors to be considered when conducting technology assessments in wastewater applications, although these were specific to the urban environment in developed countries. The categories are general in nature and can be applied to the industrial environment, although the identified criteria and indicators must be adapted to specific needs. This is also stated by Singhirunnusorn and Stenstrom (2009), as no single set of criteria and indicators can be applied universally. The intent is thus to utilize the technical, socio-economic and environmental factors as a guideline and to apply these specifically in the context of the specific organization.
In general, from the literature review (Meerholz, 2011) , the multi-criteria decision analysis (MCDA) method has proven to be popular in such applications, as seen from Jeffrey et al. (1999) and Singhirunnusorn and Stenstrom (2009) . This is due to the fact that the method can be utilized for complex decisions where there are tradeoffs between competing objectives.
The MCDA methods provide subjective and implicit decision-making that can be made objective and transparent in an evaluation model. Either quantitative or qualitative data can be considered in the same model. In order to ensure that a method is developed that would satisfy WKH RUJDQL]DWLRQ ¶V particular needs, the technology assessment method is required to meet certain criteria; these are discussed as a framework of assessment objectives.
The Framework of Assessment Objectives

Complexity
It is a requirement that the assessment should be possible utilizing supplier information, expert judgment from R&D personnel and available literature, with no more than two workshops required. In other words, readily available sources of information can be utilized.
Generality
The principles used in the method have to be general in nature and, depending on the type of technology to be assessed, the indicators have to be adaptable to the specific application. In particular, for the specific organization, it is required that the method be adaptable to brown field developments.
Approach, Lead Time and Resources
It is required that the method be conducted with the aid of no more than two workshops.
Focus
The method has to facilitate focused discussions and assist the workshop participants to have constructive discussions regarding the possible impacts of the various technologies.
Data used
The objective of the technology assessment is to determine the possible impact of the technology on the selected principles. It is anticipated that a blend of qualitative and quantitative data would be used, which would be sourced from expert opinion, available literature and supplier information.
Apart from the technical aspects during the selection of wastewater treatment selection, a number of social, economic, institutional and environmental concerns must be considered. By adapting the criteria and indicators identified by Singhirunnusorn and Stenstrom (2009) , an MCDA technique was developed for specific application in the RUJDQL]DWLRQ ¶V context.
With the framework of the new assessment technique defined, its usefulness needs to be determined. Key factors to be considered when assessing the performance of the proposed method are: S The required information (for the indicators) must be readily available with limited cost implications, since assessing the projects must be time efficient. S Appropriate project selection criteria must be representative of the aims and goals of the strategic objectives of the organization. S Associated indicators can be defined that must reflect the priorities of stakeholders. S The developed selection criteria must be based on good project management practices and must evaluate projects on economical viability, and environmental, social and institutional performances. The study applied an MCDA approach (Tran and Diam, 2008) to meet the main objectives, as it has been proven to be useful in problems where the different objectives and criteria are in conflict, and where both qualitative and quantitative data is required to conduct the mathematical and scientific analyses to support decision-making. The data is mostly based on actual calculations, measurements of indices or results or expert judgment.
Research Methodology
The proposed method was tested via an existing case study. A petrochemical facility in South Africa is in the process of investigating integrated fixed film activated sludge (IFAS), fixed and mixed media technology as potential retrofitting or upgrading options to address the organic overloading problem and improve the process efficiency and robustness at the RSHUDWLRQ ¶V water recovery plant. An overview of the proposed research design is provided in Figure 2 . In order to test the method, it was proposed to make use of the case study approach on an existing water treatment problem within the facility. The problem to investigate entails the possible upgrading or expansion of the existing Water Recovery units to increase both the organic and hydraulic treatment capacity. The project is already in the feasibility stage and a technology selection has been conducted. The new method was then compared to the previous utilized method.
An initial workshop was held with a selected focus group to agree on proposed factors, criteria and indicators. Any benchmarks or qualifying criteria were discussed, as well as the weighting assigned to each criterion.
The case study was conducted by means of a workshop and focus group technique (Page and Meyer, 2005) . Interested and affected parties were invited to attend and participate. The objective with the workshop was to ensure a wide representation of all disciplines with specialist knowledge and experience within each of the factors under consideration.
The basic elements of the study consisted of the conceptual framework presented as well as the PHWKRG ¶V objectives listed previously.
Results
The case study carried out a systematic analysis of eight possible treatment alternatives. An MCDA model was constructed from the criteria and indicators discussed in the previous section, according to the following steps: S Step 1: Determine the objective and assign weights to the principles accordingly. S Step 2: Identify the technologies to be evaluated. Objective Determination and Weighting A workshop was arranged for the development of the final set of criteria of indicators. The final set of criteria and indicators was subsequently incorporated in the decision support model. Both objective and subjective approaches were utilized to create specific measures. Refer to Table 1 for the indicators and criteria developed. These are detailed further in Meerholz (2011). 
Perception of environmental impact
Identify Technologies
A number of processes were identified as possible alternatives for debottlenecking in order to accommodate higher hydraulic and organic loads successfully. These were: S Conventional activated sludge treatment; S Membrane Bio-Reactor (MBR); S Moving Bed Bio-Reactor (MBBR); S High-rate Compact Reactor (HCR); S Retrofit MBBR; S Up-flow packed bed Biological Aerated Filter (BAF); S Pure oxygen dosing (retrofit option); and S Alternate aeration technology (retrofit option).
Rating and Ranking
Rank ordering of the wastewater treatment alternatives was done per principle identified. For demonstration purposes, the results obtained for the simplicity principle is provided.
This study considered the simplicity of the respective wastewater treatment technologies. Simplicity of wastewater treatment in this framework refers to various aspects during operation, implementation, operation and maintenance of the system. The indicators and variables selected to determine the reliability are presented in Table 2 . The technologies were assessed by the group and scores were assigned based on WKHWHDPPHPEHUV ¶SDVWH[SHULHQFHRU knowledge of each technology. The conventional activated sludge or alternate aeration technologies appear to be the most feasible alternative in the case where simplicity is the main objective.
The final results obtained were compiled into a spreadsheet format. The average score was calculated per principle per technology and normalized to a value between 0 and 1, v i (x). This value was then multiplied with the assigned weight per principle, w i . The results obtained are provided in Figure 3 .
From the analysis, the retrofit MBBR option achieved the highest score. The second alternative was the new MBBR option, with alternate aeration technologies and pure oxygen dosing coming in third and fourth respectively. 
Sensitivity Analysis
Should the objectives change depending on the business requirements, a sensitivity analysis is required in order to determine the extent to which the outcome from the analysis will change. For the sensitivity analysis the weighting of one of the principles was assigned the maximum weighting of 1, whilst the other principles were assigned a weighting of 0. This was done to determine the extent to which the assigned scores per technology influenced the eventual outcome. The results that were obtained are provided in Table 3 . 
Conclusions and Recommendations
For the selected weighting and scores assigned, the retrofit MBBR technology appears to be the most feasible technology to consider for demonstration-scale piloting. The least desired technology was the HCR option.
The sensitivity analysis indicates that the retrofit MBBR technology would remain the preferred option if the objectives were to change from achieving the maximum efficiency to maximum reliability, sustainability or affordability. The preference for this technology will reduce if the objectives shift towards achieving maximum simplicity, social acceptability or the optimum land use. The least desired technology, HCR, would become one of the more desired technologies should the objectives change towards social acceptability or optimum land use.
Factors that Influenced the Study
The selected case to determine the usefulness of the method passed the pre-feasibility stage during the course of this investigation. The project team had thus already made a technology selection, which was based on efficiency alone. The project team had thus already selected the retrofit MBBR option before the selection criteria could be fixed, and it was noted that there was a tendency among certain team members WR³SXVK´WKHFULWHULDWRZDUGVWKDW ZKLFK ZRXOGEH favorable to the already selected option. The team members had to be reminded continuously that the objective was to compare the outcomes of the different approaches.
The participation of some members during the workshop was influenced by the fact that the study was not considered WREH³UHDOZRUN´ This was largely from the operational and maintenance colleagues, where the nature of their jobs limits their ability to spend extended periods in meetings. The time originally anticipated to spend on the workshop was thus shortened significantly to accommodate their busy schedules. In one case some participants left early, but agreed beforehand that they were comfortable with the representation remaining at the workshop.
Although the role players involved had a significant knowledge base on the selected technologies, the information regarding the affordability of each technology was not based on actual figures or calculations. As mentioned before, this was due to an internal commercial governance issue, which restricted the project team.
The Future of the Assessment Method
The method was tested on a single example. The opportunity exists to test the method against more examples to determine whether any of the principles must be changed or whether additional principles should be added. The project team did not feel it necessary to add or change any of the principles, although this may not be true for other examples.
One of the objectives was to ensure that the method will be able to accommodate both green field and brown field developments. The example used was a brown field expansion. It is expected that other criteria such as social acceptability and land use will become some of the governing criteria in green field cases. A further test against a green field case should thus be conducted to determine the suitability of the model. 
Alternate aeration technology
Given the conditions above, the following aspects of the method need to be refined and investigated further: S The method must be applied on a real example during the project life cycle and not as a retrospect check whether the initial selection was the correct one. S The method must be applied to a green field case. S The method must be applied towards the evaluation of other water treatment technologies within the company. S The method must be applied with the full information available as originally envisaged, in particular the financial indicators.
